INTRODUCTION
============

Guanine-rich sequences can adopt unusual structures called Guanine quadruplexes (G4) based on stacked guanine quartets ([@B1]). The human genome possesses number of sequences prone to adopt such structures, as for example in telomeric repeats, in several oncogenic promoters, in ribosomal DNA and in the immunoglobulin switch region. Key biological processes could be affected by the formation of these structures ([@B2],[@B3]). Furthermore, formation of G4 has been evidenced *in vivo* in ciliate telomeres ([@B4]), during G-rich sequence transcription (G-loop) ([@B5]) and for pilin antigenic variation in *Neisseria gonorrhoeae* ([@B6]).

Quadruplex formation is not limited to DNA sequences and recent studies illustrated the importance of quadruplexes at the RNA level such as hTERT splicing ([@B7]), N-RAS 5′UTR ([@B8]), prokaryotic translation start ([@B9]) and TERRA ([@B10]).

A number of pathways potentially link quadruplex formation (at the DNA or RNA level) and telomere maintenance. Indeed, G4 formation has been evidenced for the G-rich strand of telomeric repeats and could therefore affect telomere elongation by telomerase ([@B11; @B12; @B13]), the binding of other telomeric factors like hPOT1 ([@B14]). G4 formation by the telomeric repeats could also affect general telomere replication ([@B15],[@B16]). TERRA, the RNA transcript corresponding to the G-rich strand ([@B17]) has been proposed to be involved in telomere function regulation ([@B18]) and can form some very stable G4 ([@B10],[@B19]). There are G4 prone sequences in the mRNA for the catalytic subunit of telomerase (hTERT) which have been proposed to affect hTERT splicing upon G4 ligand exposure ([@B7]). Finally, G4 formation has been reported in c-MYC ([@B20]) and hTERT ([@B21],[@B22]) promoters and thus G4 ligands could affect hTERT expression and thus telomerase activity.

An evolutionary conserved quadruplex-prone RNA sequence is also present at the 5′-end of the RNA component of telomerase, called hTERC (or hTR) in humans ([@B23]). In a previous work, we demonstrated that oligonucleotides mimicking the 5′ of hTERC can form a G4 and that this could interfere with secondary structure, inhibiting the formation of a local RNA double helix called P1 ([@B23]). In principle, the ability of hTERC to form a quadruplex could therefore represent a new mechanism of action to account for the telomeric effects of G4 ligands. This prompted us to study in more details the implication of G4 formation in hTERC.

In order to evidence a G4-related effect on hTERC and on telomerase activity or biogenesis, we need to identify G4 ligands that are specific for the G4 formed in hTERC. In this work, we present a fluorescence-based test designed to identify G4 ligands specific for the G4 of hTERC and that can prevent P1 helix formation. As a starting pool of potential ligands, we used a library of compounds already tested in the laboratory, which are mainly known telomeric G4 DNA ligands. We choose to start with a library of known G4 ligands as: we anticipated positive hits despite a small library side;we had some experience with these compounds;affinity for this quadruplex could be compared with other targets;these molecules have different scaffold and charges and somewhat represent our current level of knowledge concerning the recognition of G-quadruplex; andsome of the compounds are commercially available or may be easily obtained, and implementation of a pilot assay in another lab is relatively straigthforward. This test relies on a duplex--quadruplex competition: compounds that stabilize G4 RNA should inhibit hybridization of the guanine-rich RNA to its complementary sequence. The system chosen here closely matches the biological situation, as the RNA--RNA duplex matches the P1 helix of hTERC. Compounds that inhibit P1 helix formation are then tested for *bona fide* RNA G4 binding.

MATERIALS AND METHODS
=====================

Oligonucleotides
----------------

Fluorescently labelled oligonucleotides (F22, F22m, 37Q and 37Qm32) were purchased from IBA (Göttingen, Germany, RNA HPLC grade, 200 nmol scale). F22: `6FAM-5′-UGGCCCGUUCGCCCCUCCCGGG-3′`F22m: `6FAM-5′-UGGCCCGUUCGCUUCUCUCGGG-3′`37Q: `5′-GGGUUGCGGAGGGUGGGCCUGGGAGGGGUGGUGGCCA-3′-BHQ1`37Qm32: `5′-GAGUUGCGAAGAGUGAGCCUGAGAGAAGUGAUGGCCA-3′-BHQ1` Non-fluorescent oligonucleotides were purchased on the 200 nmol scale from IBA (HPLC grade) or Eurogentec (Seraing, Belgium, Oligold grade). Unmodified sequences used for competition experiment are reported in [Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1).

Chemicals
---------

The ligands were taken from the in house ligand library that we previously used mainly to identify telomeric G4 ligands. These ligands were gifts or collaboration products from many chemistry laboratories: P. Mailliet (Sanofi-Aventis, Vitry sur Seine, France), M.P. Teulade-Fichou (Institut Curie, Orsay, France), S. Neidle (School of Pharmacy, London, UK), K. Shin-ya (University of Tokyo, Tokyo, Japan), G. Pratviel (Laboratoire de Chimie de Coordination, Toulouse, France), F. Guéritte (ICSN, Gif sur Yvette, France), T.C. Chang (Institute of Atomic and Molecular Sciences, Taiwan, ROC) and M. Stevens (School of Pharmaceutical Sciences, University of Nottingam, UK). We also included a family of crown-shape ligands developed by C. Ferroud (CNAM, Paris, France). Porphyrin derivatives were purchased from Frontier Scientific (Logan, Utah, USA) and stock solutions were prepared at 10 mM in water. MST-312 and PIPER were purchased from Calbiochem and resuspended at 10 and 2 mM, respectively, in DMSO. For all other ligands, 1--4 mM DMSO stock solutions were used. Cacodylic acid, KCl, LiOH and LiCl were from Sigma.

Fluorescent test
----------------

For the screening test, the fluorescent oligonucleotide (F22) alone or in the presence of the complementary strand (37Q) was incubated at 50 nM in 20 mM Lithium cacodylate (pH 7.2) supplemented with 1 mM KCl and 99 mM LiCl. When present, 37Q was added in slight molar excess (i.e. 75 nM). After a simple annealing procedure (95°C, 15′ then cool down to 40°C at 1°C/min), 22.5 µl of the fluorescent mix were distributed into 96-well qPCR plates (Stratagene) containing 2.5 µl of either a 10 µM solution of ligand (giving a final ligand concentration of 1 µM) or 1% DMSO (giving a final concentration of 0.1%). After centrifugation, the plate was transferred to a real-time thermal cycler (Mx3000p, Stratagene). Data acquisition proceeds using the FAM channel and in the following order ([Supplementary Figure S1](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)): Step 1: 30 steps of 1 min at 37°C with a reading at the end of each step.Step 2: 15 steps of 1 min at 95°C with a reading at the end of each step.Step 3: 31 steps of 1 min from 95°C to 37°C with a temperature decrease of 2°C and a reading at the end of each step. After each 'qPCR' experiment, plates were read using a fluorescent imaging system (Typhoon 9410) using a 488-nm excitation wavelength and a 520BP40-emission filter, with a 600-V PMT gain and a +3-mm focus setting.

Data analysis
-------------

Data from the qPCR apparatus were exported as text file and processed with Microsoft Excel. No ligand effect was observed during isothermal data acquisition at 37°C (Step 1) and thus only data from Step 3 were analyzed. For each well, fluorescent intensity reading at 37°C after the 'in machine' annealing (I~F~^37^) was normalized with the fluorescent intensity reading corresponding dissociated state at 82°C (I~F~^82^) of the same well to compensate for well-to-well fluorescence variations. In order to evaluate the ability of a given ligand (X) to prevent duplex formation, we defined a ligand efficacy (Effi) corresponding to the fraction of unformed duplex, using normalized fluorescence (NF=I~F~^37^/I~F~^82^) reading from wells containing the fluorescent oligonucleotide alone (F22) and wells containing the quenched duplex (F22 + 37Q) in the absence of ligand.

Using this parameter, a good ligand that totally prevents duplex formation will have an Effi of 1 and a poor ligand an Effi of 0 ([Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)). Slightly negative Effi value are within the noise limits of the system while more negative Effi value might indicate a conformational change of the duplex induced by the ligand or a strong fluorescence quenching of the FAM. In both cases such molecules are unlikely to be false negative compounds.

Quality of each plate was also assessed by computing a *Z*′ factor ([@B24]), an estimator that take into account the distribution of the minima and maxima value of the plate and also the difference between these maxima and minima. In our case, minima were associated with duplex state controls (F22 + 37Q) and maxima with single-stranded state controls (F22). Most plates contained quadruplicates of the F22 alone and the F22 + 37Q wells used for Effi and *Z*′ calculation. Dissociation step data (Step 2) and temperature profile data from Step 3 were used to assess quality of starting material and duplex formation, respectively.

For experiments in the presence of competitors, a competitor efficacy (*C\_*Effi) of the competitor *Y* for the ligand *X* was define using the following formula:

Using this estimator, a good competitor will have a *C\_*Effi value close to 1 and for a poor competitor, the value will be 0.

Gel electrophoresis
-------------------

Gel electrophoresis to validate hit compounds was performed as previously described ([@B23]).

RESULTS
=======

The test principles
-------------------

Several fluorescence based tests for G4 ligands have been previously reported ([@B25; @B26; @B27; @B28]). These tests can be classified into two categories: (i) stabilization of a G4 by a ligand followed by FRET melting and (ii) fluorescent ligand displacement by a G4 ligand. Both tests are designed to identify G4 ligand in the context of a simple equilibrium between a single-strand and a quadruplex. In our system, we wanted to identify G4 ligands which could also work in a duplex--quadruplex equilibrium context, which may be seen as more physiologically relevant, as it represents a common situation for DNA or RNA G-rich sequences. This test is inspired by previous report using fluorescence to follow DNA duplex--quadruplex competition ([@B29],[@B30]). A similar test using scintillation proximity signal has been used for high-throughput identification of G4 ligands ([@B31]), but this scintillation proximity assay is not easy to set up in a laboratory and this was a 'turn off' test, meaning that the presence of a quadruplex ligand would decrease the signal detected. The method combines two short oligos mimicking the sequence around the P1 helix. Using a full length (451 nt) RNA with dual labelling is impossible here: the test is intermolecular, and a conformational change cannot be evidenced in a routine assay with hTERC.

For convenience, we choose to favour fluorescence detection and in order to built a 'turn on' system, we choose to combine a fluorescent strand with a complementary strand bearing a quencher. In this system ([Figure 1](#F1){ref-type="fig"}A), the duplex form is associated with a low-fluorescence signal, and the quadruplex with a high-fluorescence signal. Furthermore, because of the well-known quenching properties of guanines and the possible quenching of the fluorescence by the ligand bound to the G4, we decided to insert the fluorescent reporter (FAM) on the non G-rich strand (F22). Figure 1.Principle of the assay. In the presence of a *bona fide* quadruplex ligand, duplex formation is inhibited in the F22 + 37Q system (quadruplex prone, **A**) and thus fluorescence of the F22 is high (not quenched) whereas duplex formation is unperturbed on the mutated system (F22m + 37Qm32, non-quadruplex prone, **B**) and thus F22m fluorescence is low (quenched). Figure 2.Proof of principle. Top: post-annealing fluorescence reading of a set-up plate with duplicate of control (H~2~O, DMSO, 0.05%) and test molecules (PhenDC3, 360A, 12459 and BRACO19 at 1 µM). Lane A, F22 alone; B, F22 + 37Q; C, F22m; D, F22m + 37Qm32. Fluorescence quenching by the ligand is visible for 12459 and 360A to a lesser extend (A9--10, A7--8, C9--10, C7--8). High fluorescence in lane B correspond to molecule that prevent annealing of F22 on 37Q (B5--10) and the low fluorescence in the corresponding row in lane D confirms a quadruplex-related mechanism. Annealing has been perfomed in a real-time thermal cycler and fluorescence annealing profile analysis results in comparable conclusion. Bottom**:** formulae of the molecules used in this experiment.

In order to demonstrate that P1-helix formation inhibition was related to G4 formation by the G-rich strand (37Q), we built a control system bearing G to A substitutions in eight positions within the first 32 nt of the sequence (37Qm32). A bone fide G4 ligand should not be able to prevent duplex annealing for this system ([Figure 1](#F1){ref-type="fig"}B).

Setting up the test conditions and parameters
---------------------------------------------

### Salt conditions

We chose to work at a medium ionic strength with a total monocation concentration around 100 mM. Playing with lithium and potassium concentrations allowed us to modulate G4 stability while keeping duplex formation relatively unaffected. Following our previous observation regarding duplex--quadruplex competition on the same system ([@B23]), we first needed to define KCl--LiCl concentrations that allow full duplex formation in the absence of ligand, but still allow quadruplex formation of the G-rich strand in absence of its complementary sequence as follows. Working in the absence of KCl allows nearly complete duplex formation but prevent any quadruplex formation on this system at 37°C even in the presence of the ligand 360A that we identified in our previous work ([@B23]).Using 10 mM KCl (with 90 mM LiCl) reduces duplex formation with the fluorescent system by 30% compared to the result obtained with gel electrophoresis ([Supplementary Figure S2](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)).On the other hand, using 1 mM KCl (supplemented with 99 mM LiCl) leads to a duplex formation comparable to the one obtained in 100 mM LiCl while maintaining the ability to inhibit duplex formation with 360A. For these reasons, we chose the later set of conditions for all further experiments.

### Oligonucleotide concentrations

Fluorescence titrations were performed to determine the practical concentrations of the fluorescent and quencher oligonucleotides with the following constraints: fluorescence signal from the duplex state and the single-stranded state of the fluorescent oligonucleotide should be above background for fluorescence detection with either the qPCR machine and the fluorescent scanner;concentrations should be well above duplex dissociation constant (*K*~d~) to allow complete duplex formation andquencher oligonucleotide concentration (37Q) should be as low as possible to allow easy ligand titration; andquencher oligonucleotide concentration (37Q) should be equal or higher than the concentration of the fluorescent oligonucleotide F22. Titrations were performed with three concentrations of the fluorescent oligonucleotide (F22) (20, 50 and 100 nM) and concentrations of the quencher oligonucleotides (37Q) ranking 0--40, 0--100 and 0--200 nM, respectively. These titrations showed that the fluorescent signal with 20 nM of F22 with an excess of 37Q was too close to background level while titrations with 50 and 100 nM were qualitatively acceptable. In the three cases, concentration ranges were well above the apparent *K*~d~ for duplex formation that we determined to be in the range of 1--2 nM by fitting the titration data (data not shown). Thus, to limit G-rich oligonucleotide concentration, we choose to set the F22 and 37Q concentration to 50 and 75 nM, respectively.

### Ligand concentration

In our previous work based on gel electrophoresis ([@B23]), we determined that 360A was active at 1 and 2 µM. Preliminary results with 360A on the fluorescent system confirmed that this ligand was still active under conditions of this new test at 1 and 2 µM, but partial quenching of the single-stranded fluorescence was observed at 2 µM of 360A. This led us to choose 1 µM as the reference concentration for screening purposes.

Screen results
--------------

In parallel to setting up and validation experiments with 360A, a few reference compounds have been tested: 12 459 ([@B32]), PhenDC3 ([@B33]) and BRACO19 ([@B34]) ([Figure 2](#F2){ref-type="fig"}). These preliminary experiments demonstrated that PhenDC3 was a better G4hTERC ligand than 360A and did not quench the fluorescence of the single strand up to 2 µM. We therefore decide to use this ligand as our 'standard' with the aim to identify ligand that would be at least as potent as PhenDC3.

Using a 96-wells plate format, we performed \>790 independent readings corresponding to 173 independent chemical references and 169 different molecules. Test quality was assessed using *Z*′ factor calculation for each plate. This estimator was routinely in the 0.7--0.9 range, meaning that the data extracted from these plate are of very good quality ([@B24]). In some experiments, this indicator fell in the 0.4--0.5 range indicating medium quality data for this plate. This quality factor was taken into account to define the 'Hit threshold' (see below).

Every plate used for the screening contains the standard PhenDC3 to evaluate the test robustness. Under these conditions, our reference compound PhenDC3 presented an Effi of 0.77 ± 0.14. For a positive hit, we decided to fix an arbitrary threshold value of 0.5 for Effi. For a typical high-quality plate (*Z*′ \> 0.7), this corresponds to a signal of \>12 SD above the signal of a negative control. Even for a medium quality plate (0.4 \< *Z*′ ≤ 0.7), this threshold corresponds to a hit signal of \>5 SD above the signal of a negative control. For good quality data set (*Z*′ \> 0.7), we also define a secondary threshold for medium quality hit with an threshold Effi value down to 0.4, allowing us to identify more hits, including positive controls from the setting up experiment (12 459 and 360A). However, this low-threshold value cannot be used for medium quality data set as it leads to non-reproducible results. For the rest of the manuscript, good hits will refer to molecules with Effi \> 0.5 and medium hits to molecules with 0.5 ≥ Effi \> 0.4. [Figure 3](#F3){ref-type="fig"} and [Supplementary Figure S3](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1) illustrate a typical result. This experiment was of good quality on the basis of the *Z*′ factor (0.92) and thus good (red background) and medium (orange background) hits were taken into account. All good hit molecules as defined by their Effi values are associated with a high-fluorescence intensity (dark blue, see well 2E, 3D, 4G, 8B, 9G, 10C and 10F for examples) whereas non hit molecules present a low-fluorescence intensity (red--yellow, see well 2C, 6H, 10H and 11H). For some hits, a clear discrepancy is observed between Effi values and fluorescence images (see well 2A, 9D and 11A for extreme examples). With the aim of an unbiaised hit determination, all hit judged by their Effi values were kept but full renaturation profiles ([Supplementary Figure S3A](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)) are usefull to identify potential artefacts. Figure 3.Effi and post-annealing fluorescence imaging of a typical plate. Each cell correspond to a well of a 96-wells plate used and fluorescence image of each well has been inserted in each cell between the content of the well and the corresponding Effi value. In this experiment, column 1 contains the fluorescent oligonucleotide F22 alone (line **A**--**D**) or in the presence of the control compound PhenDC3 (line **E**--**H**). Similarely, column 12 contains the duplex system F22 + 37Q alone (line A--D) or in the presence of PhenDC3 (line E--H). Lines A--D of these two columns were used for Effi and *Z*′ factor (0.92 in this experiment) calculation. Effi values of good or medium hits are highlighted in red and orange, respectively. In this plate, several chemical references correspond to different batches of PhenDC3 (EDL35, DM550 and DM703) and PhenDC6 (EDL39, DM551 and DM704). Also note that BipyDC3 and BipyDC6 correspond to the chemical reference EDL93 and EDL95 respectively.

Using these threshold values, we identify 10 molecules as good hits (307A, 832A, BipyDC3, BipyDC6, HB167, HB173, L2G2, L2H2, PhenDC3, PhenDC6), and 12 as medium hits (12 459, 115 405, 360A, BMVC, BOQ1, HB165, HB282, ET101, ET106, MMQ15, MMQ16, S1T1-7) in this first instance screen. These molecules were then subject to validation tests.

G4 mechanism validation
-----------------------

In order to validate potential hit, experiments were reproduce using in parallel the wild-type system (F22 + 37Q) and a mutated system unable to form any G4 (F22m + 37Qm32). We also included in this test setup the free fluorescent oligonucleotides F22 and F22m to assess for any direct effect of the ligand on these oligonucleotides. At this validation step, we decide to include 'borderline' and negative molecules as a mean to validate data from the first instance screen, and thus 30 molecules were tested. Three classes of results are expected: Class A molecules that are efficient on F22 + 37Q and not on F22m + 37Qm32 ('true hits').Class B molecules efficient on both systems ('non-specific hits') andClass C molecules not efficient on the F22 + 37Q system ('false positives') ([Table 1](#T1){ref-type="table"}). From this classification, eight molecules come out as 'good hits' using a G4 mechanism to prevent P1 helix formation (307A, 832A, BipyDC3, BipyDC6, L2G2, L2H2, PhenDC3 and PhenDC6) and three molecules as G4-related 'medium hits' (115405, 12459, 360A). The existence of a non-specific-related mechanism could not be evidenced with any of the selected molecules. Other compounds have been excluded on the basis of reproducibility issues (BMVC, BOQ1, ET101, ET106, HB165, HB167, HB173, HB282, MMQ15, MMQ16, S1T1-7) and further studies would be required to validate or invalidate these hits and decipher experimental noise from molecules stability/solubility issues. Table 1.Results summaryReproductibilityss bindingmutant system bindingEffi Li100Effi K1Effi K10Medium hits    12 459++----+++    115 405++----+++    360A+------+++Good hits    307A+------++nd    832A+------++nd    BiPyDC3+------++++    BiPyDC6+------++++    L2G2+------++++    L2H2+------++++    PhenDC3+------++++    PhenDC6++----++++Negative    AGVI191+nd--------    BRACO19+nd------+    DOCB+\*----ndnd    RHPS4+\*----ndnd    Telomestatin----------++[^2]

Data obtained with the single-stranded oligonucleotides also illustrate two possible artefacts: fluorescence quenching of the single-stranded oligonucleotides (115405, BMVC, HB167, HB282, PhenDC6) and fluorescence interference in the case of fluorescent ligands (DOCB and RHPS4). The first type of artefact was not detrimental as the extent of fluorescent quenching was low. Concerning the second type, the Effi parameter calculation was still valid for RHPS4 as the fluorescence from the single stranded and the duplex state are both shifted in the same extend to higher values ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)). On the other hand, the fluorescence properties of DOCB prevent any reliable Effi calculation, but using the full annealing profile for the wild type and the mutated system reveals no P1 helix formation inhibition ([Supplementary Figure S4](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)) allowing us to exclude this compound.

We also tested the effect of K^+^ concentration in the annealing buffer as mentioned in the test setting up section. Fourteen molecules were tested under these conditions. No molecule was able to prevent P1 helix formation in the absence of K^+^ (LiCl 100 mM). On the other hand, results with higher K^+^ content (KCl 10 mM/LiCl 90 mM) confirm a G4-related mechanism for all the class A molecules tested (all the medium or good hits become good hits) and also revealed that some non-hits molecule in low KCl become medium or good hits (BRACO19 and telomestatin). In other words, increasing potassium concentration decreases the strigency of the test but confirms that the process studied is K^+^-dependent.

In gel test validation
----------------------

In order to confirm the results obtained by this fluorescent assay, seven hit molecules (360A, PhenDC3, PhenDC6, BipyDC3, BipyDC6, L2G2, L2H2) were tested using the gel-based system reported in our previous publication ([@B23]). We also included in this test three control molecules: a true negative control (EDL21) and two molecules that are efficient only with higher K^+^ content (telomestatin and BRACO19). With a higher KCl content (KCl 10 mM/LiCl 90 mM), we were able to reproduce P1 helix formation inhibition with all the hit molecules. According to this test ([Supplementary Figure S5A](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)), the molecules can be split into the following categories regarding P1 helix formation inhibition: medium: 360A, BipyDC3, BipyDC6;good: PhenDC3, PhenDC6, L2G2, L2H2; andinactive or weak: results with the control molecules (EDL21, BRACO19, Telomestatin) are in agreement with the fluorescent test with 10 mM KCl: EDL21 and BRACO19 are not active and the telomestatin seems slightly less efficient than the medium hits. Using the mutated system, that we also published previously, we confirm that none of these molecules could prevent the formation of the mutated (non-G4-prone) P1 helix ([Supplementary Figure S5B](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)). Under more stringent conditions (lower KCl content), which are closer to the fluorescent test conditions, only the PhenDC derivatives are able to prevent P1 helix formation on the G4-prone system and still no ligand appears efficient on the non G4-prone system ([Supplementary Figure S5C](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1) and [D](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)). This result confirms the PhenDC derivatives as very efficient and specific molecules to prevent P1 helix formation on a G4-prone system.

Thus, the results obtained with this gel test with 10 mM KCl are qualitatively comparable to the results from the fluorescence test with 1 mM KCl. Other good hits from the fluorescent test (L2H2, L2G2, BipyDC3 and BipyDC6) were not as efficient with this in gel test with KCl 1 mM. This difference could be related to the non-equilibrium state of the sample during the electrophoresis (partial displacement of the molecule with a lower residency time upon loading in the gel followed by a duplex renaturation in the presence of sucrose in the well), arguing in favor of the fluorescence test.

Specificity profiles
--------------------

Using the fluorescent test, we also managed to obtain specificity profiles for some ligands. Similarly to what has been done with FRET-melting experiments ([@B35]), we evaluated the efficacy of some ligands in the presence of an excess of various non-fluorescently labelled competitor. If the ligand has some affinity for the competitor, this later should trap the ligand and hinder its action of preventing P1 helix formation ([Figure 4](#F4){ref-type="fig"}A). Two set of competition experiments were performed, using either a short list of 7 competitors on 11 ligands (good or medium hits) or a longer list of 21 competitors on PhenDC3, PhenDC6 and L2H2 ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)). Competition experiments were performed at 1 and 10 µM of competitor, keeping the ligand concentration at 1 µM and KCl at 1 mM. Control experiments performed in the absence of ligand confirmed that the competitors used here did not interfere with the reporter duplex formation (data not shown). Figure 4.Selectivity profile. (**A**) Principle of the selectivity test. (**B**) Chemical formulae of the best hits. *C\_*Effi values for the three best hits (1 µM) challenged with 21 differents competitors of six types (ssDNA, dsDNA, ssRNA, telomeric G4DNA, promoter type G4DNA, G4RNA) at 1 and 10 µM.

Competition results can be analyzed using five classes of competitors: single-stranded (ss) DNA or RNA, double-stranded (ds) DNA, G4DNA and G4RNA. SsDNA, ssRNA or dsDNA competitors had very little effect on most of the ligands (with the exception of 115405). Ligand efficacies were generaly reduced in presence of 10 µM of G4 competitor, which confirms the preference of these ligands for G4 structures. 12459, L2G2 and L2H2 were the least affected by G4 competitor, suggesting that these ligands exhibit the highest specificity for the hTERC RNA quadruplex. Results obtained at 1 µM of ligand allow a more detailed profiling, and indicate some preferences for G4 RNA versus G4DNA for PhenDC6, 832A, 307A, BipyDC6, L2G2 and L2H2, and no marked preference for PhenDC3 and BipyDC3 ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)).

Using a larger panel of quadruplex competitors allowed us to separate the G4 DNA class into telomeric G4DNA, promoter G4DNA and other G4. Using these subclasses for PhenDC3, PhenDC6 and L2H2 enable us to propose that L2H2 and PhenDC6 have a preference for G4RNA (clearly visible at 1 µM of competitor) whereas PhenDC3 has no marked preference ([Figure 4](#F4){ref-type="fig"}C) but a larger number of G4RNA sequences should be used in order to draw a more detailled conclusion.

We have also tested the unusual G4DNA formed by the (sub)telomeric sequence variant AGGG(CTAGGG)~3~ ([@B36]) as competitor for L2H2, PhenDC3 and PhenDC6. This G4 was a very inefficient competitor ([Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)). In this particular quadruplex, only two G quartets are formed and a GCGC quartet at one end and a GC pair at the other end cap them. In this context, terminal stacking by the ligand is expected to be disfavoured on both sides and thus this further argue for a terminal stacking type of interaction of these ligands with the other more classical G4.

DISCUSSION
==========

Critical parameters
-------------------

This fluorescent test allowed us to identify 11 ligands that prevent the hybridization of a couple of oligonucleotides mimicking the P1 helix of hTERC.

The concentration of cations-especially K^+^-is a critical parameter in this test as it directly affects the amount of duplex formed in the absence of ligand. When comparing ligand efficacy under different cation conditions, erroneous conclusion can be drawn if care is not taken for the calculation. One should always compare the amount of duplex formed in the presence of the ligand under a given cation condition to the amount of duplex formed in the absence of ligand and under cation conditions that allow quasi-complete duplex formation (LiCl 100 mM or KCl 1 mM/LiCl 99 mM). If KCl 10 mM/LiCl 90 mM conditions are used to evaluate ligand efficacy, Effi would be overestimated as less duplex is formed even in the absence of ligand. Similar care should be taken for *C\_*Effi calculation as this calculation is derived from Effi calculation. These parameters are thus not appropriate for external parameters evaluation even if they remain robust to compare ligands or competitors under the same cation condition. If a wide range of external parameters are to be tested, NF would be more appropriate, but with NF, comparison between the G4-forming system and the non-G4-forming system are not possible as the temperature dependency of fluorescence properties of the duplexes and the 'open' form are not comparable for the two systems.

Screening test?
---------------

Using the low threshold to identify what we called medium and good hits leads to a high-success rate for the first intention screen (22/169). This 13% success rate reflects the fact that the original library was strongly biased towards G4 ligands and in particular telomeric G4 DNA ligands. The validation tests indicate that the majority (9/12) of the medium hits were false positives whereas the majority of the good hits (8/10) were validated. Therefore, setting the threshold to 0.5 lead to more robust results with an acceptable success rate (6% for the first intention screen and 5% after validation). Using a non-biased library should allow a lower success rate compatible with high throughput approaches.

In the actual configuration of the test, incubation of the ligand in the presence of the preformed duplex would appear unnecessary as we failed to identify any ligand able to restore fluorescence on this substrate. Indeed for competition experiments, this first step of the protocol is not used but with the objective to identify ligand that could affect a preassembled telomerase, we propose to keep this step for genuine library screening.

In order to identify bone fide G4hTERC ligands and rule out general G4 ligands, non-labelled competitors could be added even in the primary screen. Using either a mixture of competitors or a competitor that could mimic both promoter and telomeric type of quadruplexes \[like GTERT060 ([@B22])\] could be interesting.

Comparision with FRET-melting assays for G4 ligands
---------------------------------------------------

There are important differences between the 'traditional' FRET-melting assay we developped a decade ago ([@B25],[@B37]) and this assays: instead of looking at a single-strand---quadruplex transition, we are studying a duplex---quadruplex competition. This may be seen as more physiologically relevant, as it represents a common situation for DNA or RNA G-rich sequences, in which local unwiding of the double-helix is required to allow G4 formation.One can naturally adapt this assay to 'almost any DNA or RNA quadruplex' forming sequence (except perhaps for the most stable ones) provided that the Li^+^/K^+^ balance is adjusted to allow a duplex formation that can be 'easily challenged' by a quadruplex ligand. The hTERC system presented here was chosen as RNA is less often studied and competition with P1 helix formation is biologically relevant.The test is based on a 'bi-molecular' interaction, rather than on a conformational change of an intramolecular quadruplex. This is an important point, as it will allow further developments with methods adapted for true HTS format, such as such as alphascreen or TR-FRET.The test allows the design of a 'control duplex' system, with mutated C- and G-rich strand that retain equivalent duplex potential but lose quadruplex-forming ability. This control is essential to avoid false positive interfering with the assay. A similar control cannot be implemented in the previous assays.A 'variety of competitors' may be tested in this assay. We acknowledge that different unlabelled sequences could be tested in the FRET-melting assay, but a major limitation was that the stability of the competitor had to be significantly larger than the one the labelled quadruplex (otherwise, if the competitor melts at a lower temperature, it cannot act as a duplex or quadruplex competitor when the labelled sequence starts to unfold). This is not a problem here: one does not need to worry about comparing stabilities of the different structures; all that is needed is that the competitor folds at the temperature of the assay. The only limitation is that the competitor should not be capable of hybridization with the complementary C-rich strand. But this is a moderate limitation as compared to the ones we face with FRET melting. We indeed tested an unprecedented number of competitors in this MS ([Figure 4](#F4){ref-type="fig"} and [Supplementary Figure S6](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1)).In principle, one may design an 'isothermal' version of this approach (but this requires adding the different components of the reaction in a precise order: the C-rich complementary strand being added last). This is a fundamental difference with a FRET-melting assay, which does provide semi-quantitative information on the stabilization efficiency, but requires scanning a wide temperature range. In this assay, one could restrict the analysis to a single-physiological temperature (37°C): this is an important condition to design an assay with a high-throughput potential. The two assays are actually complementary, as the assay presented here can be adapted to high-throughput (either to test many ligands or many competitors). On the other hand, FRET melting may provide semi-quantitative information which is more difficult to derive from this method. A similar approach should be easily adapted to test the activity of G4 nucleases. In this case, thermal denaturation is likely to affect the protein activity and thus protein activity should occur in the first step of the annealing procedure, meaning that the complementary strand should be added after the denaturation step.

hTERC targeting?
----------------

With this test, we identified ligands that may prevent P1 helix formation in hTERC through a G4 mechanism. The ultimate goal is to find compounds that bind to this full-length RNA and induce a conformational change, but the screening assay developped here cannot be directly transposed to a much larger RNA. Interference with P1-helix formation remains to be demonstrated on the fully folded hTERC embedded in an active telomerase complex. The telomerase substrate is also able to form G4 structures, and thus in the absence of fully specific ligand targeting the G4 of hTERC, evaluation of the activity of these ligands on telomerase activity would require to deconvoluate G4-related effect on hTERC from the effect on the telomeric substrate. This will require the design and characterization of mutant of hTERC with mutations either in the G4-prone sequence and/or in the template of hTERC.

Furthermore the biological consequences of P1 disruption in hTERC remain to be tested. P1 disruption could either alter the template boundary definition ([@B38]) and thus prevent processive addition of the telomeric repeat or lead the incorporation of mutated repeat ([@B39]) but it could also affect the global folding of hTERC in the telomerase complex by altering long distance interaction ([@B40],[@B41]) or finally it could also affect proper telomerase assembly of localization ([@B42]).

Up to now, none of articles analyzing the effects of G4 ligands on telomerase activity took into account the possibility that these ligands could also act by binding on the RNA component of telomerase: their effects on telomerase was generally attributed to a binding on the telomeric DNA substrate. In our previous publication ([@B23]), we showed that a novel quadruplex-prone target may be involved in these effects. In this article, we also showed that many G4 ligands used to target telomeric G4 can also bind to hTERC. In order to deconvoluate these mechanisms and validate the intended P1 helix-related mechanism, one will need to find a ligand truly specific for hTERC quadruplex, with no binding to the human telomeric motif. The assay developped here allows for such screening. So far, even if some ligands exhibit a preference for hTERC over telomeric DNA, the differential affinity is not sufficient. However, as discussed above, our method will allow the screening of much larger libraries to find promising compounds. These questions remain to be tested and the quest for a G4 ligand specific for a given G4 folding, sequence and chemistry is the next challenge for chemists in the field.

SUPPLEMENTARY DATA
==================

[Supplementary Data](http://nar.oxfordjournals.org/cgi/content/full/gkq1199/DC1) are available at NAR Online.
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